Ni 3 Sn 4 intermetallic was formed by the depletion of Ni from electroless Ni-P, and a Ni 3 P layer was formed simultaneously due to solder reaction-assisted crystallization during solder reflow. Both Ni 3 Sn 4 and Ni 3 P grew rapidly due to the solder reaction-assisted crystallization and their growth was diffusion controlled during the first 15 min of annealing at 220°C. After that, the growth rate of Ni 3 Sn 4 was greatly reduced and the crystallization of electroless Ni-P to Ni 3 P was no longer induced. Based on kinetic data and scanning electron microscope morphology observations, underlying mechanisms causing this specific phenomenon are proposed. This finding is indeed very crucial since we may control the growth of Ni-Sn intermetallics by monitoring the solder reaction-assisted crystallization of electroless Ni-P.
I. INTRODUCTION
In the near future, conventional peripheral leaded packages are not expected to be able to handle high pin count integrated circuits (ICs), so the use of area array packaging technology is expected to increase. To accommodate a large number of input/output (I/O) counts, area arrays of solder bumps are being used in the controlled collapsed chip connection (C4) configuration for chip joints, and ball grid arrays (BGA) are being used for lower level joints. [1] [2] [3] Copper (Cu) is widely used in the under-bump metallization (UBM) and substrate metallization for flip chip and BGA applications. At the liquid lead-tin solder/Cu interface, tin (Sn) reacts rapidly with Cu to form Cu-Sn intermetallic compounds (IMC), which weakens the solder joints due to the brittle nature of the IMC. [4] [5] [6] Tu et al. have found that a Cu-based UBM is incompatible with eutectic Pb-Sn solder due to the spalling of Cu-Sn intermetallic compounds. [7] [8] [9] Nickel (Ni) has been proposed to replace Cu or act as a diffusion barrier in the Au/Cu metallization because Ni-Sn compounds show a very slow IMC growth rate 10 and because Ni has a relatively low diffusion rate through Au and Cu. [11] [12] Electroless nickel-phosphorus (Ni-P) has attracted much interest and finds widespread use in printed circuit board (PCB) fabrication and UBM for flip chip technology since it offers a low-cost alternative to more expensive physical Ni deposition methods, good corrosion resistivity, strong adhesion, and good solder wetting. [13] [14] [15] Normally, the electroless Ni-P deposit is crystalline at lower P contents (<9.5 at.%), while at higher P levels (>9.5 at.%) the deposit is an amorphous phase. 16 It has been found that the amorphous Ni-P alloy will undergo a self-crystallization transformation to Ni and Ni 3 P at temperatures above 300°C. 17 Recently, Jang et al. 14 have found that the solder reaction will assist crystallization of electroless Ni-P UBM in flip chip packages even if the reflow temperature is well below the selfcrystallization temperature. The crystallization of electroless Ni-P to Ni 3 P is induced by the depletion of Ni from electroless Ni-P by the formation of Ni 3 Sn 4 .
In this work, we studied the solder reaction in electroless Ni-P metallization and investigated the correlation between the growth of Ni-Sn intermetallics and Ni 3 P. The detailed diffusion mechanisms regarding the growth of Ni-Sn intermetallics and Ni 3 P in the solder reaction are discussed here.
II. EXPERIMENTATION
Electroless Ni-P was deposited on a Cu pad substrate, and a gold (Au) flash was deposited on top of the electroless Ni-P to avoid oxidation of the nickel surface. The thickness of the top Au layer on Ni-P was measured with a Rutherford backscattering spectrometer (RBS), and the surface oxide or interface oxide on the Au/Ni-P/Cu pad substrate was detected through oxygen resonance with a 3.04-MeV He ++ ion beam. Eutectic Pb-Sn solder balls were placed on the prefluxed Au/Ni-P/Cu pad substrates and reflowed at a temperature of 220°C for different annealing times ranging from 0.5 to 90 min. Shear tests were then performed on the reflowed samples using a Dage Seies 4000 Bond Tester (Bucks, England). For interfacial microstructure examination, the samples were mounted in epoxy and then sectioned using a slow-speed diamond saw. The cross-sectioned samples were ground, polished, and etched with 10% HCl + 90% water. The chemical and microstructural analyses of the crosssectioned samples were obtained with Philips XL 40 FEG (Eindhoven, The Netherlands) scanning electron microscope (SEM) equipped with Energy dispersive x-ray (EDX) analysis. The crystal structures of the samples were investigated by x-ray diffraction (XRD). Figure 1 shows the RBS results for the Au/Ni-P/Cu pad substrate. The dotted line in the figure represents the fitting results for determination of unknown parameters such as layer thickness, oxide, and composition, etc. The fold thickness of the Au/Ni-P/Cu pad substrate was determined to be 842 Å. The RBS results showed that there was no surface oxide or interface oxide in this raw Au/ Ni-P/Cu pad substrate. The chemical composition of electroless Ni-P was found to be 77 at.% Ni and 23 at.% P (Ni 77 P 23 ) by the EDX analysis shown in Fig. 2 . Moreover, the structure of electroless Ni-P was confirmed to be amorphous by XRD. Figure 3 shows the SEM image of a cross-sectioned sample after reflow at 220°C for 0.5 min. In this figure, the IMC layer at the solder/electroless Ni-P interface is shown by XRD and EDX analyses to be Ni 3 Sn 4 . It was found that both chunky-type and needle-type Ni 3 Sn 4 IMCs were present. In fact, when the annealing time was short, the needle-type Ni 3 Sn 4 compounds were dominant, but the chunky-type will grow at the expense of the needle-type when the annealing time is long.
III. RESULTS AND DISCUSSION
14 From EDX analysis at the interface between solder and electroless Ni-P of the cross-sectioned sample, neither Au nor Au-Sn IMC layers were found at the interface, and thus all the Au should have been dissolved into the eutectic Pb-Sn solder. It is interesting to note that there was a thin dark layer between the Ni 3 Sn 4 IMC and the electroless Ni-P. This dark layer was confirmed to be Ni 3 P, which is consistent with the findings of Jang et al. 14 For the annealing temperature of 220°C in this study, the formation of the Ni 3 P layer could not be attributed to the self-crystallization of electroless Ni-P since electroless Ni-P can undergo self-crystallization only above 250°C and after hours of annealing.
14 If all the Ni and P in electroless Ni-P reacted to form Ni 3 Sn 4 and Ni 3 P without any losses into the solder, the soldering reaction should have the following equation:
(1) Figure 4 shows the optical micrographs of the crosssectioned samples for different annealing times at 220°C. The figure figure, it can be seen that the thickness of Ni 3 Sn 4 increased rapidly during the first 15 min of annealing at 220°C, and thereafter it became constant or increased only slowly. We also plotted the thickness of Ni 3 Sn 4 against the square root of the annealing time, as shown in Figure 6 . We noticed that during the first 15 min of annealing, the thickness X of Ni 3 Sn 4 was linearly proportional to the square root of the annealing time t 1/2 . This means that the Ni 3 Sn 4 growth may be controlled by a diffusion process. According to the expression for the calculation of diffusivity D
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where X is the thickness of the Ni 3 Sn 4 IMC and t is the annealing time. Using this equation we can estimate the diffusivity D in Ni 3 Sn 4 IMC at 220°C from the slope of Fig. 6 . The diffusivity D in the Ni 3 Sn 4 IMC during the first 15 min of annealing time at 220°C was determined to be ∼2.54 × 10 −11 cm 2 /s. After the first 15 min of annealing at 220°C, the slope of Fig. 6 seemed to flatten. In fact, diffusivity in a phase like Ni 3 Sn 4 is primarily a function of temperature and the diffusivity in Ni 3 Sn 4 cannot be changed. There may exist a change in the rate-controlling mechanism for Ni 3 Sn 4 IMC layer thickening. Figure 7 shows the relationship between the thickness of Ni 3 P and the annealing time at 220°C. When the annealing time was short (<15 min), Ni 3 P grew rapidly due to the solder reaction-assisted crystallization of electroless Ni-P. However, it is interesting to note that the growth of Ni 3 P stopped or even became negative after 15 min. We also plotted the thickness of Ni 3 P against the square root of the annealing time in Fig. 8 . It can be seen that the thickness of Ni 3 P was linearly proportional to the square root of the annealing time in the first 15 min. This means that the Ni 3 P growth was also controlled by a diffusion process during this short annealing time period. The diffusivity D in Ni 3 P during the first 15 min of annealing time at 220°C was determined to be approximately 9.37 × 10 samples was much slower than that in Ni 85 P 15 , which can be seen in Fig. 8 . Jang et al. 14 proposed that the diffusion species in solder reaction-assisted crystallization could be either Ni or P. If the diffusion species is Ni, Ni will diffuse through the Ni 3 P grain boundaries (GB) to form Ni 3 Sn 4 IMCs and this may create Kirkendall voids at the interface between electroless Ni-P and Ni 3 P. If the diffusion species is P, P may diffuse back to grow Ni 3 P at the back interface between Ni 3 P and electroless Ni-P due to the decomposition of Ni 3 P at the front interface between Ni 3 P and Ni 3 Sn 4 . Moreover, there may be direct diffusion of P or Ni through the Ni 3 P grain boundaries to cause the nonconservative losses during solder reaction.
During the second stage (after 15 min of annealing), the growth rate of Ni 3 Sn 4 was reduced as shown in Fig. 5 . This may have been due to the fact that the crystallization of electroless Ni-P to Ni 3 P was no longer induced by the depletion of Ni from electroless Ni-P for the formation of Ni 3 Sn 4 . Figure 7 shows evidence to support the above assumption that the growth of Ni 3 P was stopped after 15 min of annealing at 220°C. Therefore, the underlying mechanisms causing this specific phenomenon are very crucial since we may control the growth of Ni-Sn intermetallics by monitoring the solder reaction-assisted crystallization of electroless Ni-P.
Actually, as the annealing time increases, the thick Ni 3 P layer may act as a barrier layer for Ni diffusion into the solder. However, it is shown in Fig. 6 that the Ni 3 Sn 4 IMC still grew even though the Ni 3 P thickness was more than 1.5 m for the electroless Ni 85 P 15 samples. Therefore, instead of Ni 3 P layer thickening, there should be another mechanism to govern the depression of Ni 3 Sn 4 growth in our Ni 77 P 23 samples. Figure 9 shows the fracture surface of our electroless Ni 77 P 23 solder joints after 10 min of annealing at 220°C. The Ni 3 P layer was clearly observed after shearing off the solder. It showed the grainlike structure of Ni 3 P. It was found that the average grain size of Ni 3 P in the Ni 77 P 23 samples was around 4 m. In view of the findings for Ni 85 P 15 samples in Ref. 14, the Ni 3 P exhibited well-developed columnar structure with small grain size of only 0.1 m. It is commonly known that, the bigger the grain size, the smaller the grain boundary area per grain volume. 19 In fact, the smaller the grain boundary area per grain volume, the smaller the amount of Ni that can diffuse out through GB to react with solder to form the Ni 3 Sn 4 IMC. We postulate that the depression of Ni 3 Sn 4 in our Ni 77 P 23 samples after 15 min of annealing at 220°C may have been due to the effect of small grain boundary area per grain volume in the Ni 3 P layer associated with the Ni 3 P layer thickening. For the Ni 85 P 15 samples in Ref. 14, the amount of Ni that can diffuse out through GB still supports the growth of Ni 3 Sn 4 after 15 min of annealing since the grain boundary area per grain volume in this case is large. Therefore, the Ni 3 Sn 4 IMC layer could continue to grow throughout the entire annealing range from 0 to 40 min as shown in Fig. 6 . Furthermore, it can be seen in Fig. 8 that the Ni 3 P growth was also prohibited in this regime. According to Eqs. (1) or (4), the reaction between Sn and Ni depleted from the electroless Ni-P to form Ni 3 Sn 4 will drive the Ni 3 P crystallization. If the Ni 3 Sn 4 growth is depressed, the Ni 3 P crystallization may also be affected.
In addition, Fig. 7 shows that the thickness of Ni 3 P was slightly reduced after 15 min of annealing. This may have been due to the decomposition of Ni 3 P at the front interface between Ni 3 P and Ni 3 Sn 4 . P may diffuse into the solder or back to the interface between Ni 3 P and electroless Ni-P to grow Ni 3 P, while Ni will react with Sn to form Ni 3 Sn 4 . Figure 10 shows the SEM image of a cross-sectioned sample after annealing at 220°C for 90 min. It can be seen that only the chunky-type Ni 3 der joints. Moreover, it can be seen that there were some black voids like Kirkendall voids, indicated by white arrows in Fig. 10 . It was found that more and more voids appeared as the annealing time was increased. Evidently, grain boundaries can be fast diffusion paths in this system since the Ni 3 P exhibited well-developed columnar structure.
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IV. CONCLUSION
After solder reflow, both chunky-type and needle-type Ni 3 Sn 4 intermetallics were observed. It was found that the Ni 3 P layer was formed due to the solder reactionassisted crystallization during solder reflow. Both the Ni 3 Sn 4 and Ni 3 P growths were found to be diffusion controlled during the first 15 min of annealing at 220°C. The diffusivity D in Ni 3 Sn 4 and Ni 3 P was determined to be approximately 2.54 × 10 −11 and 9.37 × 10 −13 cm 2 /s, respectively. After that, the growth of Ni 3 Sn 4 IMC was dramatically slowed down and the crystallization of electroless Ni-P to Ni 3 P was stopped. It was proposed that the depression of Ni 3 Sn 4 in our Ni 77 P 23 samples after 15 min of annealing at 220°C may have been due to the effect of small grain boundary area per grain volume in Ni 3 P layer associated with the Ni 3 P layer thickening. The depression of Ni 3 Sn 4 growth in this study is indeed a crucial finding since we may use it to control the growth of Ni-Sn intermetallics by monitoring the solder reaction-assisted crystallization of electroless Ni-P. Thus, by making use of this technique, good reliability of interconnection using tin-based metallic solder may be easily achieved.
